A series of field experiments were conducted over a three-year period to test a modified N-Expert system (the decision support system for nitrogen recommendations) with different irrigation regimes for a rotation of amaranth (Amaranthus tricolor L.), spinach (Spinacia oleracea L.), and cauliflower (Brassica oleracea L.). Local commercial fertilizer practice based on farmer surveys was selected as the control, and irrigation treatments followed conventional practice with a balanced irrigation schedule. Some parameters, notably target yields and net mineralization rates, were modified according to local conditions, and most were referenced from the database of the N-Expert system in the first cultivation year of the rotation. Parameters were tested in earlier field experiments and were fine-tuned in later experiments. No significant yield reduction occurred below conventional nitrogen (N) practice using the recommended N treatment (N2) with different water treatments, except for irrigation treatments between 60% and 90% of PESW (plant extractable soil water: the difference between field capacity and wilting point) in 2000 and conventional irrigation practice in 2001 for cauliflower. There was a significant decrease in residual N min at harvest in treatments using the modified N-Expert recommendation system compared with conventional N practice. This indicates that there is considerable potential for use of the N recommendation system for sustainable vegetable production in the North China Plain. 475 476 Q. Chen et al.
INTRODUCTION
Nitrogen (N) is commonly supplied liberally to many field vegetables because of their relatively short growing periods and the relatively poor capacity of their root systems to extract mineral N (Schenk, 1998) . Our survey work in the North China Plain from 1997 to 2000 showed that, under conventional agronomic practices, large amounts of fertilizer were applied. These quantities [∼3-5 times more N and phosphorus (P) input than crop demand] together with excessive furrow irrigation produced high yields and good product quality (unpublished data). These fertilization practices may be sound from an economic perspective, but are environmentally unsustainable. Under such a regime, large amounts of N often remain in the soil after harvesting of vegetable crops (Van den Boogaard and Thorup-Kristensen, 1997) . Other environmental impacts such as leaching of nitrate from crop-production areas into aquifers (McNeal et al., 1995) and gaseous losses of N (Nathan and Malzer, 1994) are also cause for concern. And, despite the semi-arid and sub-humid climate of the North China Plain, extensive summer precipitation combined with excessive irrigation can increase the risk of groundwater contamination with nitrate-N (Zhang et al., 1995) .
Matching N supply and demand and reducing N losses after the growing season are the main principles behind the development of best management practices to minimize N losses (Kläring, 2001) because N losses after the growing season seem to be completely outside the growers' control where there is no cover crop (Thorup-Kristensen and Sørensen, 1999) . Appropriate nitrogen fertilizer recommendation systems depend on the type of crop and, in most cases, the amount of mineral N available in the root zone at the beginning of the growing season. The KNS-system (Kulturbegleitende N min Sollwerte) and the N-Expert system have been applied for sustainable open-field vegetable production in Europe for many years (Lorenz et al., 1989; Fink and Scharpf, 1993 ). The KNS system takes into account the N requirement of the crop and the soil N supply during the remaining growth period by using tables with empirical data and by measuring soil mineral N. Its N fertilizer recommendations are derived from calculation of three output components (N uptake, N loss and immobilization, and the N min safety margin) and three input components (N release from soil organic matter, N release from crop residues, and residual N min ). However, the N uptake pattern is the core of the recommendation system (Fink and Scharpf, 1993) .
The aim of this study was to develop an advisory system based on these principles in the North China Plain to attain sustainable N management for vegetable production. The objectives of the experiments were to modify and validate the parameters for the N-Expert system for the local cropping and climatic conditions and to test the feasibility of the modified N-Expert system for N fertilizer recommendations for vegetables in this region.
MATERIALS AND METHODS
The research was carried out at Dongbeiwang experimental station in the suburbs of Beijing (lat 39 • 56 N, long 116 • 20 E). The surface soil (0-30 cm) had a pH of 7.9, a soil density of 1.37 g cm −3 , and an organic matter content of 20 g kg −1 at the beginning of the field experiments. Groundwater was used for irrigation (nitrate-N content 3.9 mg L −1 ). Beginning in the summer of 1999, amaranth (Amaranthus tricolor L., local variety), spinach (Spinacia oleracea L. cv. Boza 18), and cauliflower (Brassica oleracea L. var. botrytis cv. Xuefeng) were planted as shown in Table 1 . The transplants of cauliflower were planted by hand (47000 plants ha −1 ) with following irrigation. Both amaranth and spinach were seeded by hand in rows with 24 cm row distance (using seeding rates of 3.9 and 37.5 kg ha −1 , respectively). Weeds were controlled by hand. Except for amaranth, pesticides and fungicides were applied according to normal agronomic practice. Basal P and Potassium (K) fertilizer applications are shown in Table 1 .
Standard irrigation and N treatments were applied to all three crop species in the experiments as follows: W1 Conventional irrigation practice, usually ∼25-45 mm water on each occasion W2 Based on actual evapotranspiration, when soil water content (v/v) decreased to 50% of PESW (plant-extractable soil water), irrigated up to 80% of PESW W3 When soil matric potential at 15 cm deep declined to −20 kPa, irrigated with ∼16-20 mm water (Before 2000: when soil water content (v/v) declined to 60% of PESW, irrigated up to 90% of PESW) N1 Conventional fertilization practice N2 Recommendation using modified N-Expert system N3 80% of recommended rate using modified N-Expert system The experiments were fully randomized block designs with three irrigation regimes, three fertilizer N regimes, and three replicates. Each main plot with a specific irrigation treatment was subdivided into three subplots for specific N treatments. The Christiansen's Coefficient of Uniformity (CU) of irrigation water distribution was 86%. TDR probes and tensiometers were installed to monitor soil water content at different depths in the soil profile.
The N fertilizer recommendations were determined by a calculation procedure based on the N-Expert system of Fink and Scharpf (1993) with three Table 1 Growing periods and basal dressings of organic manure and inorganic P Here, soil N min safety margin refers to the critical residual soil N min in the root zone required to maintain crop growth.
Based on a survey in the suburbs of Beijing, the target marketable yields (MY) of cauliflower, amaranth, and spinach were defined as 30, 20, and 30 t MY ha −1 , respectively. The N uptake patterns for the first crop in each experiment were taken from the database of the N-Expert system. Based on the results from the field trials in the suburbs of Beijing, weekly net N mineralization rates were found to be between 3 and 5 kg N ha −1 week −1 (Chen et al., 2002) . The required minimum soil mineral N contents (N min buffer or safety margin) were changed slightly from those in the N-Expert system. Because crop residues were always removed from the field, N release from crop residues was not involved in the calculation. The coefficient of N loss (0.019) suggested in the N-Expert system was also followed on the first occasion. However, all parameters were corrected after the field experiment using a feedback control method. Quantities of N fertilizer and amounts of irrigation water applied and precipitation in each experiment are shown in Table 2 . All of the N fertilizer was applied as urea.
Soil and plant samples were collected and analyzed during the experiments. Nine soil core samples per sampling were taken during each crop growing period up to a depth of 60 cm and divided into 0-30 and 30-60 cm depth categories. Fresh soil samples were stored in a refrigerator before transportation to the laboratory, where they were thoroughly mixed and passed through a 5 mm sieve. Duplicate 18 g subsamples of the sieved fresh soil samples were weighed and extracted by shaking with 150 ml 0.01 mol L −1 CaCl 2 for 1 hour. The filtrate was analyzed using a continuous flow analyzer (Model TRAACS 2000) . Gravimetric soil water content was determined to calculate soil N min on an oven-dry soil basis (Houba et al., 1986) . Plant samples were taken at intervals of five to nine days to measure dry matter yield and N concentration. Fresh plant samples were transported to the laboratory immediately after sampling. Shoot samples were dried at 70 • C for at least 72 hours and ground (<0.5 mm) for determination of total N. A modified Kjeldahl method with salicylic acid addition was used to analyze total N content, and the ammonia (3) 163 (6) 107 (5) 175 (9) 128 (6) 123 (8) 294 (12) 292 (10) W2 35 (2) 71 (6) 74 (8) 80 (9) 89 (8) 86 (9) 209 (12) 220 (13) W3 35 (2) 107 (8) 87 (8) 85 (9) 128 (10) 93 (8) 330 (16) 237 (14) 85  330  119  77  61  278  211  W1N2 27  77  151  96  50  27  65  70  W1N3 27  71  131  93  52  28  56  90  W2N1 27  144  369  94  93  124  433  250  W2N2 27  78  117  95  59  40  129  86  W2N3 27  64  126  96  61  49  146  65  W3N1 27  83  355  103  80  70  350  315  W3N2 27  82  109  89  57  40  132  79  W3N3 27  59  98  68  45  43  97  95 a No defined water treatment for amaranth. On July 18, 1999 about 30 mm water was supplied for all irrigation treatments; 11 mm water was then supplied for W1 on July 27, 1999. liberated with sodium hydroxide was removed by steam distillation and determined titrimetrically (Ministry of Agriculture, Fisheries and Food, UK, 1986) .
The crop yield and nutrient uptake data were subjected to analysis of variance using the SAS software package and treatment means were compared using Duncan's multiple range test at the 5% level.
RESULTS AND DISCUSSION

Crop Growth and Nitrogen Uptake
There were no significant differences in marketable yield of the three vegetable species between the recommended N treatments (N2) and the conventional fertilizer N treatments (N1) with different water treatments in all three years, except for the irrigation treatment with 60% to 90% of PESW in the cauliflower experiment of 2000 and for the conventional irrigation practice treatment (W1) in the cauliflower experiment of 2001 (Table 3 ). In principle, the modified N-Expert system can be used to control N supply in the root zone without substantial yield reduction in comparison with conventional N fertilization practice, in which much higher N inputs are applied. However, maximum fresh marketable yields (curd production in cauliflower) were still obtained using the conventional N treatment with different irrigation regimes. Statistical analysis showed that the different N treatments did not significantly affect fresh marketable yield, but significant differences resulted from the different irrigation regimes in the cauliflower experiment of 2001, especially in the N recommended treatments (N2) with different irrigation regimes. The relatively large amounts of irrigation water used in these treatments may be the explanation for the inadequate N supply.
In the original unmodified N-Expert system, the target fresh marketable yield of both cauliflower and spinach was 30 tons MY ha −1 . The targets were generated using the general marketable yields in conventional practice of 28 and 35 t MY ha −1 . Table 3 shows that in the first year of the rotation, the measured yields of cauliflower and spinach were lower than the assumed target yield, especially in spinach in 1999. This result was due most likely to a combination of fungal diseases and a slightly early harvest. The maximum fresh marketable yield of cauliflower in 2000 was only 25 t MY ha −1 , lower than the expected level and the average conventional level of 28 t MY ha −1 . In 2001, the yield level of the spinach crop satisfactorily met the predicted level, but the cauliflower yield was still lower than expected. This may have resulted from factors other than water and N treatments. For example, in the conventional management treatment, the transplants were planted with wind protection shields two weeks earlier than in the experimental treatments.
Higher N inputs in conventional fertilizer practice significantly increased the total above-ground N uptake of cauliflower compared with the recommended N treatments (N2 and N3) from the N-Expert system, especially in the higher irrigation treatments, e.g., W3 in 2000 and W1 in 2001. However, there were no significant effects of the irrigation regime and no significant interaction between irrigation and N treatments on N uptake by cauliflower at harvest.
Measured uptake patterns of total N by amaranth and spinach were close to the expected values, although lower than that expected of spinach in 1999. However, total N uptake by cauliflower shoots under the recommended N treatment was much lower than predicted by the estimated data (Table 4 , Figure 1 ). In treatment N3 (80% of the N recommendation), the amount of N taken up was only about 50% of that expected, together with a significant reduction in marketable yield. This indicates that the N recommendation for cauliflower was close to the critical value and the risk of yield and quality reduction was relatively high. Nitrogen uptake by the vegetable crops over time followed an exponential trend (Figure 1 ). Daily N uptake by cauliflower was very low during the first 30 days after transplanting. Five weeks after transplanting, N uptake increased greatly up to about 6 kg N ha −1 by the seventh week after transplanting. At maturity, the daily N uptake rate of cauliflower decreased to 3-4 kg N ha −1 . More than 80% of the N was taken up during the second half of the growing period. Spinach exhibited similar trends.
Comparing the N supply for crop growth from 1999 to 2001, it was found that the average N supply (initial soil N min content + fertilizer N) in conventional fertilization practice ranged from 123 to 430 kg N ha −1 for amaranth, 403 to 433 kg N ha −1 for spinach, and 661 to 883 kg N ha −1 for cauliflower. However, using the balance advisory system of the N-Expert system, N supply levels were simply recommended as 110, 155, and 250 kg N ha −1 for amaranth, spinach and cauliflower, respectively (Table 3) . Rahn et al. (1998) found no yield response Figure 1 . Nitrogen uptake patterns of two field vegetable crops in comparison with estimated data from the N-Expert system (W1, conventional irrigation practice; W2, 50% to 80% of PESW; N1, conventional fertilizer N application rate; N2, fertilizer N recommendation from N-Expert system; predicted uptake by N-Expert system). of cauliflower to fertilizer N when mineral N at planting was around 210 kg N ha −1 in the top 30 cm of the soil, or 270 kg N ha −1 at 0-90 cm depth, if there was no serious N leaching loss. Everaarts and De Moel (1995) considered that the optimum N application for cauliflower was 224 kg N ha −1 minus mineral N at planting in the top 60 cm of the soil with fertilizer N applied by broadcasting. However, different growth conditions might affect crop nutrient uptake and root growth. Nevertheless, for cauliflower growth in the suburbs of Beijing, it appears that the target value of N supply, 300 kg N ha −1 , was necessary to replenish the N potentially lost by nitrate leaching.
Soil N min Residues at Harvest
Residual soil N min at harvest is another indicator of the value of the N recommendations produced using the N-Expert system. As shown in Table 5 , very high residual N min levels were found at harvest in the effective root zone under the conventional N practice (N1) with different irrigation treatments. For cauliflower in 2000 and 2001, soil residues N min in the effective zone (0-60 cm) after harvest ranged from 286 to 414 kg N ha −1 , much higher than in the recommended treatments (47-92 kg N ha −1 ). Compared with the expected N min safety margin at harvest for each crop, residual N min at the recommended N treatments with different irrigation levels were almost the same for cauliflower except for the W3 treatment. Similar differences were also found for residual soil N min in the effective zone after harvest of amaranth and spinach. Residual N min levels in amaranth and spinach at harvest were somewhat lower than the expected N min safety margin. In the soil 0-30 cm layer in the W1 treatment, residual N min under N2 and N3 inputs were lower than those in the W3 treatment, and all of these were lower than the N min safety margin. However, soil residual N min under the recommended N rates (N2 and N3) with the W2 treatment was virtually the same as the N min safety margin. Nitrogen management for irrigated vegetables involves careful irrigation management. As shown in Table 2 , to attain the same target yield value each time, much more N was used in the conventional irrigation practice (W1) for cauliflower than in the balanced irrigation treatment (W2). Despite this, appreciable amounts of surface-applied water may pass through the root zone to recharge the groundwater. Proper irrigation management can help to assure sufficient plant growth to remove nutrients while minimizing nitrate accumulation in the soil (leaching potential). In addition, it is also recommended that farmers apply slightly more N because the soil at the experimental site is more homogeneous than those in typical farmers' fields. Increased heterogeneity may result in higher N fertilizer requirements to obtain optimum yields and in higher residual nitrate levels.
CONCLUSIONS
The data indicate that optimization of vegetable (amaranth, spinach, and cauliflower) production in the North China Plain on silty loam soils can be achieved with less N fertilizer recommended using the modified N-Expert system than under conventional practice with sprinkler irrigation, although some parameters require further refinement and validation. A feedback control system should be used in extension work after collection of the required data for the main vegetable species in the North China Plain. With continual fine-tuning of the important parameters (iterative process), such as target values for N supply and expected N uptake values, this method will be very helpful to agricultural advisory staff and farmers.
